1. Introduction {#se0010}
===============

Quantum wells (QWLs), quantum wires (QWRs) and quantum dots (QDs) are some mentionable examples of low-dimensional semiconductor systems (LDSS) that have collected serious recognition in the last few decades. There are two reasons that appear to underlie such widespread recognition. Firstly, the nanoscale dimension of LDSS results into profound enhancement of quantum effects in their physical properties (electrical, optical, magnetic etc.) in comparison with the bulk materials. Moreover, LDSS-based devices are also renowned for their high design-flexibility. The enhanced quantum effects and the said flexibility have earmarked LDSS as potential ingredients for manufacturing several high-performance microelectronic and optoelectronic devices. Secondly, from a pedagogic viewpoint; cultivation of LDSS physics provides revisit of many fundamental quantum mechanical concepts [@br0010]. Entry of impurity (dopant) to LDSS induces an interplay between the inherent confinement potential of LDSS and the dopant potential. Such interplay gives rise to an effective confinement potential that discernibly alters several physical properties of LDSS from that of an impurity-free state. These modified physical properties mark recognizable signature on the technology-related aspects of LDSS. Naturally, investigations on LDSS physics with impurity contamination have been performed in abundance over the last few decades [@br0020], [@br0030], [@br0040], [@br0050], [@br0060], [@br0070], [@br0080], [@br0090], [@br0100], [@br0110], [@br0120], [@br0130], [@br0140], [@br0150], [@br0160], [@br0170], [@br0180], [@br0190], [@br0200], [@br0210], [@br0220].

Study of magnetic properties of LDSS assumes importance in order to understand electronic magnetism in nanoscale domain which often involves interesting physics [@br0230], [@br0240], [@br0250], [@br0260], [@br0270], [@br0280]. Such studies are done in presence of applied magnetic field which changes the energy spectrum of LDSS. A changed energy spectrum, in effect, regulates the performance of optoelectronic devices [@br0290]. Furthermore, studies of magnetic properties of LDSS are also found to be relevant in several related fields. These fields include particle dynamics of LDSS in an external magnetic field (connected with spintronics), quantum electronic structure of LDSS [@br0260], semiconductor-metal transitions in LDSS [@br0300], and various other applications. Doping of impurity into LDSS further increases the intricacies in its magnetic properties [@br0310], [@br0320], [@br0330], [@br0340], [@br0350].

*Diamagnetic susceptibility (DMS)* is an important magnetic property which has been extensively studied for LDSS doped with impurity. Study of DMS maintains close linkage with development of spintronics, quantum chaos, electronic conductivity and various other technological applications of electronic and optoelectronic devices [@br0340], [@br0350], [@br0360], [@br0370], [@br0380], [@br0390], [@br0400], [@br0410], [@br0420], [@br0430], [@br0440], [@br0450], [@br0460]. Therefore, in view of comprehensive investigation on DMS of LDSS; often, contribution of various physical quantities e.g. effective mass [@br0470], [@br0480], dielectric constant [@br0490], [@br0500], hydrostatic pressure and temperature [@br0510], [@br0520], [@br0530], [@br0540], [@br0550] has been explored in detail.

The output of LDSS-based devices is often influenced by the presence of *noise*. Incorporation of noise to the system can be done externally in different ways (also called 'modes' or 'pathways') leading to different consequences. Two such pathways are called *additive* and *multiplicative* based on their different extents of interaction with the system. The physical properties of system are also naturally perturbed by the presence of noise. And the size of change in the physical properties of the system noticeably depends on the mode of introduction of noise as mentioned above. It is therefore quite sensible to explore the noise effects on different physical properties of LDSS which ultimately governs the functioning of LDSS based devices.

In this communication we inspect how DMS ($\chi_{dia}$) of 2-d $GaAs$ QD depends on the *binding energy (BE)* of the system under the governance of noise. The harmonic oscillator potential defines the $x - y$ confinement whereas the *z*-confinement is provided by a perpendicular magnetic field. The QD contains *Gaussian* impurity as dopant and is simultaneously fed with *Gaussian white noise* either via additive or multiplicative route (modes). Variation of $\chi_{dia}$ against magnetic field strength (*B*) has been monitored for different values of BE of the system. And this monitoring is carried out both with and without noise. The study unveils how BE of the system influences its DMS with some additional delicacies offered by noise.

2. Methods {#se0020}
==========

The Hamiltonian ($H_{0}$) describing the system can be given by$$H_{0} = H_{0}^{\prime} + V_{imp} + V_{noise}.$$ $H_{0}^{\prime}$ is the dopant-free Hamiltonian. Considering harmonic confinement in the $x - y$ plane and vertical magnetic field, $H_{0}^{\prime}$, with the help of effective mass approximation, can be given by$$H_{0}^{\prime} = \frac{1}{2m^{\ast}}\left\lbrack - iħ\nabla + \frac{e}{c}\mathbf{A} \right\rbrack^{2} + \frac{1}{2}m^{\ast}\omega_{0}^{2}(x^{2} + y^{2}).$$ $m^{\ast}$ and $\omega_{0}$ denote the effective mass of the electron and the harmonic confinement frequency, respectively. The vector potential **A** has been chosen to be $A = (By,0,0)$, where *B* is the strength of the magnetic field. $H_{0}^{\prime}$ of eqn[(2)](#fm0020){ref-type="disp-formula"} can be transformed to$$H_{0}^{\prime} = - \frac{ħ^{2}}{2m^{\ast}}\left( \frac{\partial^{2}}{\partial x^{2}} + \frac{\partial^{2}}{\partial y^{2}} \right) + \frac{1}{2}m^{\ast}\omega_{0}^{2}x^{2} + \frac{1}{2}m^{\ast}\Omega^{2}y^{2} - iħ\omega_{c}y\frac{\partial}{\partial x}.$$ In eqn[(3)](#fm0030){ref-type="disp-formula"} $\Omega( = \sqrt{\omega_{0}^{2} + \omega_{c}^{2}})$ represents the effective confinement frequency in the *y*-direction and $\omega_{c}( = \frac{eB}{m^{\ast}c})$ stands for the cyclotron frequency. $V_{imp}$ refers to the impurity (dopant) potential and reads $V_{imp} = V_{0}\ e^{- \gamma{\lbrack{(x - x_{0})}^{2} + {(y - y_{0})}^{2}\rbrack}}$. Here $(x_{0},y_{0})$, $V_{0}$ and $\gamma^{- 1/2}$ stand for the dopant site (coordinate), dopant potential strength, and the spatial domain where the impurity potential is effective, respectively. $V_{noise}$ of eqn[(1)](#fm0010){ref-type="disp-formula"} stands for the noise part of the Hamiltonian. In the present work Gaussian white noise has been exploited having features like zero average and spatial *δ*-correlation. Introduction of noise to the system is carried out in two different routes (called additive and multiplicative) which actually guide the size of the system-noise interplay. The direct product basis of the harmonic oscillator eigenstates has been used to construct the Hamiltonian matrix ($H_{0}$). The energy levels and the eigenstates of the system are obtained by diagonalizing $H_{0}$ after performing the routine convergence test.

According to the Langevin formula DMS or Larmor DMS (in a.u.) is given by [@br0440], [@br0480]$$\chi_{dia} = - \frac{e^{2}}{6m^{\ast}\varepsilon c^{2}}\langle\left( r - r_{0} \right)^{2}\rangle,$$ where $r_{0}$ is the dopant coordinate. $\langle\left( r - r_{0} \right)^{2}\rangle$ stands for the variance of the separation between the impurity and the dot confinement center.

The ground state binding energy ($E_{B}$) is given by$$E_{B} = E_{0} - E,$$ where $E_{0}$ and *E* are the ground state energies without and with impurity, respectively.

3. Results and discussion {#se0030}
=========================

In the present study we have used $\varepsilon = 12.4$ and $m^{\ast} = 0.067m_{0}$ ($m_{0}$ is the mass of electron in vacuum). Moreover, during the study a few relevant parameters assume following fixed values: $ħ\omega_{0} = 250.0$ meV, $V_{0} = 280.0$ meV, $r_{0} = 0.0$ nm and $\zeta = 1.0 \times 10^{- 4}$, where *ζ* is the noise strength. $\chi_{dia}$ and BE have been calculated by using eqn[(4)](#fm0040){ref-type="disp-formula"} and eqn[(5)](#fm0050){ref-type="disp-formula"}, respectively.

We begin with the plot of absolute value of DMS ($|\chi_{dia}|$) against magnetic field strength (*B*) without noise for six different values of BE (values are given in the figure caption) \[[Figure 1](#fg0010){ref-type="fig"}a\].Figure 1Plots of (a) \|*χ*~*dia*~\| and (b) $\langle\left( r - r_{0} \right)^{2}\rangle$ against *B* for six different values of BE without noise: (i) 0 meV, (ii) 50 meV, (iii) 125 meV, (iv) 150 meV, (v) 200 meV and (vi) 250 meV.Figure 1

DMS invariably displays steady drop as *B* increases [@br0400], [@br0410], [@br0420], [@br0440], [@br0500]. However, at large *B*, DMS exhibits some sort of steady magnitude [@br0500]. The said decrease in the magnitude of DMS originates from the drop in the mean square separation of impurity from the dot confinement center i.e. $\langle\left( r - r_{0} \right)^{2}\rangle$. Aforesaid drop takes place because a steadily increasing *B* enforces enhanced geometrical confinement on the system thereby arresting the spread of the wave function in the vicinity of the impurity site [@br0400], [@br0500]. And the saturation which is visible at high *B* value reflects somewhat steady separation ($\sqrt{\langle\left( r - r_{0} \right)^{2}\rangle}$) between electron and impurity [@br0500]. Moreover, an increase in BE happens to cause a steady fall in the magnitude of DMS. [Figure 1](#fg0010){ref-type="fig"}b plots the profiles of $\langle\left( r - r_{0} \right)^{2}\rangle$ against *B* in absence of noise for identical values of BE as before and supports the earlier observation.

[Figures 2a and 2b](#fg0020){ref-type="fig"} represent the plots of $|\chi_{dia}|$ vs *B* and $\langle\left( r - r_{0} \right)^{2}\rangle$ vs *B*, respectively, with additive noise, for same set of BE values. The plots do not reveal any noticeable qualitative change in their features from that under noise-free state; except a change in the magnitude of DMS. Hence, introduction of additive noise refrains from affecting the noise-free system sufficiently so far as DMS is concerned. Furthermore, the additive noise-BE interplay also does not alter the nature of variation of DMS with BE from that when noise effect becomes absent.Figure 2Plots of (a) \|*χ*~*dia*~\| and (b) $\langle\left( r - r_{0} \right)^{2}\rangle$ against *B* for six different values of BE when additive noise is present: (i) 0 meV, (ii) 50 meV, (iii) 125 meV, (iv) 150 meV, (v) 200 meV and (vi) 250 meV.Figure 2

Noticeable change in the DMS profile becomes perceptible with the introduction of multiplicative noise. [Figures 3a and 3b](#fg0030){ref-type="fig"} delineate the plots of $|\chi_{dia}|$ vs *B* and $\langle\left( r - r_{0} \right)^{2}\rangle$ vs *B*, respectively, with multiplicative noise, for same sequence of BE values. Just like previous two situations, here also the magnitude of DMS reveals regular fall with increase in *B* because of reduction in the magnitude of $\langle\left( r - r_{0} \right)^{2}\rangle$. Thus, the gradually increasing spatial restriction on the electronic wave function that follows a regularly increasing magnetic field remains quite similar with and without noise; regardless of its mode. However, unlike previous two cases, here a monotonic increase in DMS magnitude is envisaged with increase in BE \[[Figure 3](#fg0030){ref-type="fig"}a\]. The observation is also amply supported by mean square separation plot \[[Figure 3](#fg0030){ref-type="fig"}b\]. Thus, the presence of multiplicative noise reverses the effect of noise-BE interplay on DMS magnitude from that of additive noise.Figure 3Plots of (a) \|*χ*~*dia*~\| and (b) $\langle\left( r - r_{0} \right)^{2}\rangle$ against *B* for six different values of BE when multiplicative noise is present: (i) 0 meV, (ii) 50 meV, (iii) 125 meV, (iv) 150 meV, (v) 200 meV and (vi) 250 meV.Figure 3

The effect of noise-BE interplay on DMS can be more clearly visualized with the plot of $|\chi_{dia}|$ against BE itself; under different sets of conditions and at a fixed value of $B = 25$ T \[[Figure 4](#fg0040){ref-type="fig"}a\]. The plot exhibits persistent fall of DMS (magnitude) as BE increases both without noise \[[Figure 4](#fg0040){ref-type="fig"}a(i)\] and when additive noise is present \[[Figure 4](#fg0040){ref-type="fig"}a(ii)\]. Corresponding mean square separation plot also corroborates the above findings \[[Figure 4](#fg0040){ref-type="fig"}b(i--ii)\]. The observation clearly indicates progressively increasing spatial constraint on wave function that accompanies a rise in BE of the system under above two conditions. However, applied multiplicative noise completely reverses the scenario as now we observe a persistent growth in the DMS magnitude with increase in BE \[[Figure 4](#fg0040){ref-type="fig"}a(iii)\]. Thus, multiplicative noise causes steadfast enhancement of the spatial stretch of wave function as BE increases. The relevant mean square distance plot also runs in agreement with the above outcome \[[Figure 4](#fg0040){ref-type="fig"}b(iii)\]. The nature of noise-BE interaction thus prominently anchors on the mode of application (additive/multiplicative) of noise, and, in consequence, alters the DMS profile in contrasting ways. In the present context, it is basically the way noise couples with the system coordinates that matters most. Multiplicative noise induces more intensive coupling with the system coordinates than its additive neighbor. Thus, the noise-BE interaction becomes also different for these two different pathways giving rise to contrasting features in the observed DMS profile.Figure 4Plots of (a) \|*χ*~*dia*~\| and (b) $\langle\left( r - r_{0} \right)^{2}\rangle$ against BE at *B* = 25 T: (i) in absence of noise, (ii) while additive noise is operating and (iii) while multiplicative noise is operating.Figure 4

4. Conclusion {#se0040}
=============

DMS of doped $GaAs$ QD has been found to be discernibly dependent on the noise-binding energy interplay. An increase in the magnetic field strength invariably reduces the magnitude of DMS; regardless of presence of noise. Both under noise-free condition and in presence of additive noise DMS declines as BE increases. However, a shift from additive to multiplicative mode of applying noise changes the scenario whence DMS displays clear enhancement with increase in BE. The findings show prolific means of regulating the DMS of doped QD system by appropriate control of noise-BE interaction.
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